Injector-like zinc oxide (ZnO) nanostructures have been synthesized on Si substrate by the vapour phase transport method. Samples with different areal densities were obtained by controlling the temperature. The field emission properties of the injector-like ZnO nanostructures showed a clear dependence on the areal density of the nanostructures, which is due to the screening effect. The samples with a needle length of 850 nm and an areal density of 1 × 10 8 cm −2 showed the lowest field emission turn-on field of 1.85 V μm −1 at a current density of 10 μA cm −2 , and the current density reaches 1 mA cm −2 at an applied field of 4.7 V μm −1 .
Introduction
Zinc oxide (ZnO) is a II-VI compound semiconductor with a direct wide bandgap (3.37 eV) and large exciton binding energy (60 meV). ZnO-based nanostructure materials have attracted great interest recently due to their potential applications such as ultraviolet nanowire nanolasers [1] , gas sensors [2] , solar cells [3] and field emission (FE) devices [4] . Various kinds of morphologies of the ZnO nanostructures, including nanopins [5] , nanonails [6] , nanorods [7] , nanotubes [8] , nanoscrews [9] and nanopencils [10] , have been fabricated and their FE properties are being characterized. The encouraging FE results suggest that ZnO nanostructures are promising in FE devices. Comparing to carbon-based materials [11] , the ZnO nanostructure has a unique advantage; being an oxide material, the requirement on vacuum becomes less critical, i.e. ZnO field emitters would last longer if the same vacuum for carbon-based FE device is used. In this paper, we shall report the fabrication and FE characteristics of an injector-like ZnO nanostructure with different areal densities by the vapour phase transport method. 4 Author to whom any correspondence should be addressed.
Experimental details
Fabrication of the ZnO injector-like nanostructures was carried out in a tube furnace by the vapour phase transport method. The substrates used were n-type (111) Si wafers coated with a 2 nm Au by sputtering. Zn (99.995%, Aldrich) powders were used as the source material which was loaded in a ceramic boat placed in the centre of a tube furnace. The substrate was arranged in a downstream position on the same ceramic boat containing Zn powders. The temperature of the furnace was maintained at various temperatures (580, 540 and 500
• C, respectively, in the experiment) for 30 min under a flow of 150 sccm Ar and 15 sccm O 2 . The pressure inside the furnace was maintained at 1 Torr throughout the experiment. After the experiment, the ceramic boat was pulled out and cooled down to room temperature. A brownish film-like product was formed on the whole substrate.
The morphologies of the samples were examined by scanning electron microscopy (SEM, JOEL JSM-5910). The crystal structures of the samples were characterized by x-ray diffraction (XRD, Siemens D5005) with Cu Kα 1 radiation under an accelerating voltage of 40 kV. High-resolution transmission electron microscopy (HRTEM, JOEL JEM-2010F) was employed to detect the lattice structure of the asprepared samples. The field emission measurement was carried out with a diode configuration in a vacuum chamber of 2.0 × 10 −6 Torr at room temperature. The anode was an ITO-coated glass and the cathode was the as-prepared nanostructures on silicon. They were separated by a teflon spacer of 250 μm in height. The emission current was measured with a Keithley I -V meter by applying a voltage between anode and cathode with an emission area of 4 mm 2 .
Results and discussion
Figures 1(a)-(c) show the SEM images of three injector-like nanostructure samples A, B and C synthesized at different temperatures of 580, 540 and 500
• C, respectively. The injector-like nanostructures are composed of two parts: a long needle atop a cone-like base. The diameter of the base is about 1 μm, 670 nm and 330 nm for samples A, B and C, respectively. It could be observed that the higher the reaction temperature, the larger the diameter of the base. The bases are continuously connected with each other. So the larger the base is, the lower is the areal density of the nanostructures. The estimated areal densities of sample A (580
• C), B (540 • C) and C (500
• C) are 1 × 10 8 , 2.5 × 10 8 and 9 × 10 8 cm −2 , respectively. Figure 1(d) shows the XRD pattern of the asgrown sample A. The diffraction peaks can be indexed to be the hexagonal wurtzite structure of ZnO with lattice constants of a = 0.3250 nm and c = 0.5207 nm. The strongest peak (0002) is observed implying that the (0002) plane of ZnO nanostructures is primarily oriented perpendicular to the substrate. In addition, no diffraction peaks from Zn could be found in the figure indicating a pure ZnO phase. Figure 2 shows a representative HRTEM image of the needle from sample A and its corresponding SAED pattern (inset), showing the needle of the injector-like nanostructure is a single crystal growing along the c axis of ZnO. It is worth mentioning that the needle for samples B and C showed a similar morphology. It can be seen from figure 2 that the long needle at the top of the base is about 6 nm in diameter. With the needle length of 850 nm ( figure 1(a) ), the corresponding aspect ratio is about 142. It can also be seen that there are many protrusions on the surface of the needle, 2 or 3 nm in size. Similar protrusions were observed by Cheng et al [12] and Li et al [13] previously and they speculated that the protrusions were caused by two reasons: (1) the suddenly lowered temperature, which causes the growth of ZnO along a direction other than the c axis to cease, and (2) electron beam irradiation during HRTEM observation, which deforms the ZnO nanowire surface by growing small crystal nanograins.
The field emission characteristics are evaluated by the simplified Fowler-Nordheim (FN) equation
where J is the current density, A and B are constants with values of A = 1.56 × 10 −10 (AV −2 eV) and B = 6.83 × 10 9 (V eV −3/2 μm −1 ), respectively, β is a field enhancement factor which quantifies the field enhancement due to microstructure roughness, φ is the work function of ZnO (5.3 eV), d is a distance between the anode and cathode and V is the applied voltage. Figure 3(a) illustrates the field emission properties in J -E plots (where E = V /d is the applied field) of samples A, B and C. The inset shows the F-N plot in the ln(J /E 2 )-1/E relationship. It is obvious that the sample having the lowest areal density fabricated at 580
• C has the best FE performance. According to the FN electron emission theory, β is related to the slope of the FN plot s by β = (−Bϕ 3/2 /s) [14] . The estimated field enhancement factor β of sample A is as high as 4386, which is comparable to carbon nanotubes [15] . Figure 3(b) shows the field emission stability of sample A by plotting the emission current density as a function of time. No obvious degradation of current density was observed after 1000 min. The average emission current density is 0.25 mA cm −2 and it varies from 0.19 to 0.3 mA cm −2 at 3.6 V μm −1 with a fluctuation of about 20%. The relatively stable field emission is supposed to be related to the inherent chemical stability and structural rigidity of ZnO nanostructures [16] . Table 1 tabulates the FE properties of the samples reported in this paper and two selected ZnO nanostructures showing the best FE performance reported thus far. Clearly, the three samples tested in this paper show comparable FE performance with respect to those in [17] and [18] . The good FE performance of our inject-like nanostructures is due to the high aspect ratio of the long needles which leads to a large field enhancement factor of 4386, 3786 and 1937 for samples A, B and C, respectively. Among samples A, B and C in this paper, sample A has the best field emission performance over the others. It has a very low turn-on field of 1.85 V μm
at a current density of 10 μA cm −2 and the current density quickly reaches 1 mA cm −2 at an applied field of 4.7 V μm −1 . The better performance of sample A with the lowest areal density is due to the minimized screening effect between the neighbouring emitters [19] . The effective electric field at the top of the tips would be reduced if the neighbouring emitters are too close to each other. Similar results were also observed with carbon nanotubes (CNTs). Nilsson et al [20] reported that 2.5 × 10 7 cm −2 is the optimal areal density for the 1 μm height CNT arrays. Their simulation result predicted that, to minimize the screening effect, the optimal distance between two adjacent emitters should be two times the height of the emitters. Teo et al [21] experimentally verified Nilsson's simulation result with a CNT array of 5 μm high and 10 μm distance between each other. In our sample A, the distance between two neighbouring needles is about 1.1 μm which is almost 1.3 times the height of the needles. And it also shows better FE results compared to samples B and C which have a similar length of needle but shorter distance between the neighbouring needles. We expected that, if the areal density could be lowered to 3.4 × 10 7 cm −2 , an even better FE performance could be obtained.
Conclusion
In summary, the vapour phase transport method was employed to synthesize the injector-like nanostructures with controlled areal density. Comparing the field emission properties of these three samples, the one with lowest areal density has the best performance mainly due to a reduced screening effect. A lifetime measurement was also carried out revealing a stable field emission with a 20% fluctuation after 1000 min test.
